OBJECTIVES: Upper lobectomy inevitably leads to an upward displacement of the remaining lower lobe. Such displacement may result in bronchial angulation, thereby narrowing the airway. We hypothesized that the degree of displacement of the bronchus is associated with the degree of exacerbation of postoperative pulmonary dysfunction. This study investigated whether bronchial angulation affects postoperative pulmonary function.
INTRODUCTION
A pulmonary function test (PFT) is the most commonly used method for evaluating the functional capacity of lung cancer patients, and postoperative pulmonary function plays an important role in determining the postoperative quality of life. Although postoperative recovery of pulmonary function is complicated by various factors, up to 90% of the predicted postoperative (PPO) level of pulmonary function can be reached at 3-6 months after the operation [1] .
Some patients complain of prolonged dyspnoea without the recovery of pulmonary function 6 months after the operation, a time when causes of decreased pulmonary function such as postoperative pain, atelectasis and pleural effusion would be expected to be alleviated. In these patients, it is necessary to look for other causes of decreased pulmonary function. The majority of patients who undergo upper lobectomy have upward deviation of the remaining lower lobe, and the degree of this deviation is thought to depend on the division of the inferior pulmonary ligament, the degree of mediastinal deviation and hilar release by node dissection [2] [3] [4] .
We hypothesized that the severity of the bronchial deviation leads to dysfunctional aeration, causing decreased pulmonary function. If an association can be established between the degree of bronchial deviation and the pulmonary function, we may be able to identify a potential cause of postoperative pulmonary dysfunction.
In this study, we investigated the effect of the degree of bronchial deviation following upper lobectomy on postoperative pulmonary function.
MATERIALS AND METHODS

Patients
We enrolled lung cancer patients who underwent upper lobectomy (right upper lobe or left upper lobe) and underwent PFT, chest X-ray and chest computed tomography (CT) at 3 and 12 months postoperatively. The patients were consecutively treated from January 2010 to December 2011. We excluded patients whose chest X-rays or chest CT scans showed atelectasis of the remaining lung, pleural effusion or pneumonia, because these factors may have an effect on the postoperative lung function. Patients who had had continuous dyspnoea or those who had newly developed dyspnoea at 12 months after surgery were described as having worsening dyspnoea. This study was approved by the Institutional Review Board of Seoul National University Bundang Hospital. Informed consent was waived, because the study was a retrospective review.
Pulmonary function test
All the enrolled patients underwent preoperative PFT, including forced vital capacity (FVC), forced expiratory volume in 1 s (FEV 1 ) and FEV 1 /FVC ratio measurements. The percentage of the predicted FEV 1 was expressed as that of predicted values for age, gender and height. Postoperative PFTs were performed at 3 and 12 months postoperatively, and both the values and relative percentages of FVC, FEV 1 and FEV 1 /FVC ratios were recorded. The PPO FEV 1 and FVC were calculated based on the number of functioning/unobstructed segments to be resected during surgery. According to the postoperative FEV 1 results, the patients were categorized into two groups: the worsened group, which was composed of patients with a decreased FEV 1 from 3 months after surgery to 12 months after surgery, and the improved group, which was composed of patients with an increased FEV 1 at 12 months after resection compared with the FEV 1 at 3 months after resection.
Calculation of bronchial angulation on chest computed tomography
We followed a method similar to that described by Matsuoka et al. [5] to calculate the bronchial angulation. The only difference was that we used the coronal view of the CT instead of using chest X-rays. We measured the angles formed by the main bronchus and the bronchus intermedius on the right side, and by the main bronchus and the lower bronchus on the left side for calculation (Fig. 1) . The angle was measured by one of the authors (Y.S.) who had not been informed of the PFT results. Patients whose angle of deviation measured at 12 months was greater than that measured at 3 months postoperatively were put in the 'increased' group, and those who had a reduction in this angle were placed in the 'decreased' group.
Operative technique and postoperative management
We used a mechanical stapler to close the bronchus in all the patients in this study. The stapler lines were placed across the line of the main bronchus. Division of the inferior pulmonary ligament was performed in all the patients after upper lobectomy, as well as mediastinal lymph node dissection. The subcarinal node was dissected in all patients whether or not they underwent videoassisted thoracic surgery (VATS) lobectomy or conventional open lobectomy. Patients who were observed to have air leakage after the operation underwent continuous suction at a pressure of −15 cmH 2 O until there was no air leakage.
Statistical analysis
The χ 2 and Fisher's exact test were applied to assess differences in categorical variables. The unpaired Student's t-test was used for discrete and continuous variables, and linear regression analysis was used to test the relationship between two continuous variables. A P-value of <0.05 was considered to be statistically significant. All the analyses were performed using the IBM SPSS 20.0 software (IBM Corp., Armonk, NY, USA).
RESULTS
Patient characteristics
This study included 99 patients who underwent upper lobectomy for lung cancer ( Table 1) . Fifty of these patients underwent left upper lobectomy (LUL). Of the 99 patients, 51 (52%) were male, and 48 (48%) were female. The mean age was 63.2 (range 40-80) years. The preoperative mean values of the FVC and FEV 1 were 103% and 103%, respectively, in patients who underwent LUL. The preoperative mean values of the FVC% and FEV 1 % were 105 and 107%, respectively, in patients who underwent right upper lobectomy (RUL). None of the patients had a preoperative lung function worse than that in the normal population.
Postoperative forced expiratory volume in 1 second
Of the 50 patients who underwent LUL, 16 (32%) fell into the worsened group and 33 (66%) into the improved group. One patient did not have any observed change in the FEV 1 . Of the 49 patients who underwent RUL, 14 (29%) and 35 (71%) fell into in the worsened group and the improved group, respectively. There was no significant difference in the gender, age, smoking history, cancer status or comorbidities between the patients in the worsened group and the improved group ( Table 2) .
The 30 patients in the worsened group did not have symptoms that interfered with breathing, such as pain in the surgical site. These patients also did not have any findings that indicated decreased lung function in the chest CT scans performed at 3 and 12 months postoperatively.
The pattern of change in the pulmonary function was obstructive in the patients with decreased pulmonary function.
Postoperative change in the bronchial angle
Of the patients who underwent LUL, 32 (64%) had an increased angle of deviation, whereas 13 (26%) had a decrease in the angle of deviation. Five (10%) patients did not have a change in the angle. Of the patients who underwent RUL, 27 (55%) had an increased angle, whereas 20 (41%) had a decreased angle. Two (4%) patients did not have a change in the angle. The mean increase in the angle was 9.9°and 9.7°in patients who underwent LUL and RUL, respectively.
Operative technique
VATS lobectomy was performed in 71 of the total of 99 patients. Analysis of the change in the lung function and postoperative change in the bronchial angle with the two different surgical Association between the degree of angle change and postoperative pulmonary function
We analysed the association between the change in the pulmonary function and the degree of angle change (increased or decreased) (Table 3) . Of the 16 patients who had decreased pulmonary function following LUL, 11 had an increase in the angle, 3 had a decrease and 2 had no change in the angle. The proportion of patients who had decreased pulmonary function was significantly higher in the group of patients who had an increase in the angle (P = 0.04). Of the 14 patients who had decreased pulmonary function following RUL, 12 had an increase in the angle, showing a statistically significant decrease in pulmonary function with the angle change (P = 0.02). To investigate the association between the angle change and pulmonary function, we compared the degree of angle change and the reduction in FEV 1 in patients who had worsened pulmonary function with an increased angle following LUL and RUL. In both the LUL (R = 0.69, P = 0.02) and the RUL (R = 0.69, P = 0.02) groups, there was a statistically significant association between the angle change and the change in pulmonary function (Fig. 2) .
Change in the angle in patients with worsened and improved pulmonary function
Among the 32 patients who had an increase in bronchial angulation following LUL, the mean change in the angle was 11.4°in the 11 patients who had decreased pulmonary function, which was greater than that in the angle of 9.2°in the 21 patients who did not have decreased pulmonary function. However, this difference did not have statistical significance (P = 0.42). Similarly, the difference in the mean change in the angle in the 12 patients with worsening pulmonary function and 15 patients without worsening pulmonary function following RUL was 13.1 and 6.9, respectively, which was not statistically significant (P = 0.09).
Association between worsening dyspnoea and bronchial angulation
Nine patients who underwent LUL showed worsening symptoms, and among them, 8 presented an increase in the angle. However, among the 9 patients with worsening symptoms after RUL, only 4 presented an increase in the angle. Therefore, it could be concluded that LUL has a higher correlation with worsening symptoms and an increase in the bronchial angle than RUL does.
Effect of bronchial angulation on the difference between the predicted postoperative value and observed postoperative value
Among the patients who underwent LUL, there were 33 patients who presented a lower observed postoperative FEV 1 at 12 months than the PPO FEV 1 , and 21 of them presented an increase in the angle. Among the patients who underwent RUL, 12 patients presented a lower observed postoperative FEV 1 at 12 months than the PPO FEV 1 , and 7 of them presented an increase in the angle. 
DISCUSSION
Upward displacement of the remaining lung and the diaphragm following upper lobectomy can lead to deformity of the residual bronchus. In severe cases, this can lead to bronchial kinking or obstruction, causing postoperative total collapse of the remaining lung [6, 7] . Follow-up chest X-rays and CT scans after LUL can show upward deviation of the main bronchus, which can be of a 'U' shape in severe cases. Although many surgeons have experienced airway displacement after upper lobectomy as a problem associated with pulmonary dysfunction, the clinical entity of bronchial displacement after upper lobectomy has not previously been described in the literature. Most publications to date are case reports of successful treatment of complications caused by bronchial kinking, which is a severe extreme of bronchial deformity [6] [7] [8] . Therefore, the aim of this study was to analyse the effect of bronchial anatomical deformity following upper lobectomy on the postoperative function of the lungs. Ueda et al. [9] recently conducted a study on 50 patients who had undergone upper lobectomy to investigate the frequency of postoperative bronchial kinking using three-dimensional (3D) CT-based bronchography and its effect on pulmonary function. Bronchial kinking was more commonly observed than expected (41%), and in these patients, the postoperative functional lung volume and ventilator capacity were found to be reduced with statistical significance. The authors also reported that bronchial kinking was associated with persistent coughing and breathlessness. In our study, the extent of postoperative bronchial deformity and postoperative pulmonary function were compared. To quantify the extent of bronchial deformity, we used the method of measuring the angle between the main bronchus and the remaining bronchus, as described previously by Matsuoka et al. [5] . The advantage of this method is that it allows a simple and quick method of measurement using a simple chest X-ray or chest CT and is also cost-effective. The method of using a 3D image to evaluate the presence and severity of stenosis was initially used in our study, but it was difficult to accurately identify the location of stenosis in bronchi with a deformity and to quantify this objectively. Therefore, the 3D method was used only in patients whose measured angle change was large and who also had a severe decline in pulmonary function to confirm the presence of stenosis as a cause (Fig. 3) .
To establish an association between pulmonary function and postoperative change in the angle of the bronchi, we compared the proportion of patients with increased and decreased bronchial angles among the patients who had decreased pulmonary function at 12 months postoperatively, compared with 3 months postoperatively. The reason that the authors compared the lung function between 3 and 12 months after the operation was that, in general, the lung function gradually improves after pulmonary lobectomy provided that there are no postoperative complications, such as pneumonia, pleural effusion or increasing dead space. We have observed that, at 12 months, specifically, the pain in the operation site can be expected to be mostly resolved.
It was found that there was a significant majority of patients who had an increase in the bronchial angle. There was a statistically significant positive linear relationship between the degree of increase in the angle in the patients with decreased pulmonary function and the extent of the decrease in pulmonary function.
However, the degree of bronchial angle change and the change in pulmonary function were not statistically significantly related across all patients. This may be because the increase in the angle is not the sole cause of postoperative pulmonary function exacerbation. Another factor may be the rate of progression of the increase in this angle. Therefore, it seems that the time taken to achieve the same change in the angle seems to make a difference, even among cases in which the extent of the change in the angle is the same. The bronchi are made of cartilage, so with long periods of strong bending force the deformity may be permanent and can lead to the loss of the mechanical force of the bronchi and to bronchomalacia [6] . In order to measure the rate of the angle change, the degree of bronchi deviation was measured between the two points in time. Although there was no statistically significant difference between the proportion of patients with worsened pulmonary function and no change in the pulmonary function in those who had increased bronchial deviation, the patients with exacerbating pulmonary function showed a greater degree of deviation.
VATS lobectomy has been being widely used recently. This may lead to a difference in the direction of bronchial resection due to the limited number of ports being used, compared with conventional open lobectomy, which is why we investigated the relationship between the surgical method used and the change in the angle, but the difference was not statistically significant. Other factors that can be considered include division of the inferior pulmonary ligament, subcarinal node dissection and postoperative use of continuous suction [2] [3] [4] 10] . These factors may affect the displacement of the remaining bronchi or lungs, but as these were conducted for all patients in the study, they could not be individually compared.
There are some limitations to this study. First, we could not analyse the association between the degree of angle change and the presence of stenosis as seen in 3D reconstructed images. Due to the limited storage period of the CT data for 3D reconstruction, this could not be done for all the patients. In the few patients for whom 3D reconstruction was performed, the two methods used (3D reconstruction and measurement of the bronchial angle by chest CT) showed some agreement, suggesting the use of angle 
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Finally, rather than the change in PFT, patients' perception about their symptoms could be more important. With the nature of a retrospective study design, information on dyspnoea on the flow sheet in some patients was omitted, so the data on this area were not perfect. However, because major factors affecting pulmonary functions were removed based on the CT scan at each postoperative visit, a decrease in the PFT in most cases could be expected to coincide with the patients' perception of their symptoms.
CONCLUSIONS
In conclusion, although the change in the angle of the bronchi following upper lobectomy is a physiological change, in some patients with increased angulation, this can lead to a significant decline in pulmonary function. There was an association between the extent of increase in the angle and the decline in pulmonary function. Further research into factors that cause this change in the angle and potential solutions will be needed. In our large clinical experience of performing bronchoscopies on patients after upper lobectomy, both left and right, we have never identified bronchial narrowing secondary to an increased bronchial angle [2] [3] [4] . However this clinical observation needs to be qualified by the fact that all the patients were under a general anaesthetic. Secondly we have not seen bronchial compression on CT scanning after upper lobectomy in the absence of a technical error.
Dichotomizing the bronchial angle into greater than preoperative or not, provides no calibration to the hypothesis, and is potentially a source of error in analysis. An increased angle of less than 20 degrees is highly unlikely to be clinically significant.
Forced expiratory volume in one second (FEV1) and forced vital capacity (FVC) are known to represent small airway disease, hence their clinical use [5] . Peak flow, and flow volume loops are thought to be better markers of large airway obstruction, hence their use in acute and chronic asthma and tracheal stenosis [5] . The use of FEV1 postoperatively is clearly confounded by additional variables as it improved in over 60% of patients, contrary to clinical experience. Tracheal stenosis can be very severe (<6.5 mm 2 ) before symptoms become apparent [5] . We speculate that bronchial angle is a surrogate marker for how large the lobe removed was compared to the residual lobe(s). Thoracic surgeons are all aware that the relative sizes of the pulmonary lobes are quite variable between individuals, partially explaining the inaccuracy of the rule of 19.
Upper lobectomy involves angulation of the lower lobe upwards to fill in the resultant space. This makes the bronchial angle increase, however the finding by Seok et al., that it may increase in some and decrease in other seems counterintuitive. We speculate that mediastinal tethering of the main bronchus may explain this observation, and could be an issue in some patients. If this speculation is true a decreased bronchial angle if excessive could also be a significant factor.
In the series presented 23 patients had an increased angle with worse symptoms, and 36 had an increased angle but improved, P = 0.4, ie no significant effect of angulation on symptoms. Without a multivariate analysis it is difficult to be sure if bronchial angle is a significant factor or not.
Measuring the bronchial angle between the main bronchus and lower lobe bronchus fails to take into account movement of the main bronchus relative the carina, a potential source of error. This may be more important on the left than the right.
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